Recent advances in our understanding of the pathophysiological mechanisms of atherosclerosis have created the need for better non-invasive imaging of vascular phenotype. Ultrasound is widely available, inexpensive, and well suited for high-throughput screening in populations that are at risk for atherosclerosis. Novel ultrasonic approaches for the diagnosis of vascular changes in atherosclerosis include (1) assessment of plaque composition by evaluation of the backscattering properties of tissue, (2) assessment of the changes in arterial wall biomechanics, (3) assessment of plaque neovascularization, and (4) molecular imaging of vascular phenotype changes on a subcellular level. It is thought that such new imaging methodologies will lead to earlier detection of atherosclerosis, and better assessment of the risk for aggressive disease progression. Novel therapies for atherosclerosis will undoubtedly become available within the next decades, and non-invasive imaging techniques will be needed for cost-efficient application of existing and new drugs.
Introduction
Despite advances in primary and secondary prevention, 1 cardiovascular diseases remain the number one killer in western countries. 2 In addition, the decreases in mortality rates have been levelling off in recent years in young adults, 1 while the prevalence of obesity and the metabolic syndrome are increasing. 3, 4 Thus, it is estimated that currently up to 40% of the adult population in the USA would fall into an intermediate risk category with a 6-20% risk of developing symptomatic coronary heart disease within the ensuing 10 years. 5 Therefore, methods for further risk stratification of individuals at intermediate risk are needed to make more efficient use of the existing and future prevention therapies.
Non-invasive imaging has developed rapidly in the last years, and for all major imaging techniques (computed tomography, single photon emission computed tomography, positron emission tomography, magnetic resonance, ultrasound) recent advances have been used to better evaluate cardiovascular disease. For the assessment of atherosclerotic disease, these methods have been used to look at plaque morphology and composition, biomechanical properties of vessels, or the consequences of plaque development on blood flow or blood flow reserve. The ultimate goals of all these efforts are three-fold: (1) earlier detection of pathophysiological changes known to be involved in the development of atherosclerosis; (2) better estimation of the risk of rapid disease progression; and (3) gauge the risk for complications in established atherosclerosis. Given the fact that atherosclerosis is a complex, chronic disorder involving inflammatory and proliferative signalling pathways, it is generally thought that imaging of molecular events during all stages of the pathogenesis of atherosclerosis could contribute to better and earlier diagnostic assessment, risk estimation, and measurement of treatment effects. A basic requirement for non-invasive imaging tests in risk-stratification for cardiovascular disease is that they should provide incremental information over the assessment of traditional risk factors. Ideally, the same imaging techniques should also be able to gauge the influence of treatment strategies on disease progression and risk modification. Whether an individual imaging strategy will eventually be incorporated into risk-assessment algorithms will depend on the strength of the additional information provided relative to affordability, availability, and ease of use of the method. Ultrasound imaging is widely available and could be used for high-throughput screening at low cost, which compares favourably with other imaging techniques when being considered as a screening tool in large populations at risk for atherosclerotic events. This review will briefly discuss conventional ultrasound imaging methods for the assessment of atherosclerosis with an emphasis on newer emerging techniques, and then mainly focus on recent developments in ultrasound molecular imaging of atherosclerosis.
in vessels other than the coronary tree. The general assumption is that changes in vessels like the carotid artery that are easily imaged can serve as surrogate markers for both atherosclerotic changes in the coronaries and future risk of cardiovascular events. In its simplest form, B-mode ultrasound has been used to assess different measures of plaque burden such as the sum of the maximal thickness of protruding plaques visualized, or the sum of the total area of all plaques in the carotid arteries. Plaque burden measured in elderly men and in patients with known coronary artery disease has been shown to be an independent predictor of future cardiovascular mortality and coronary events. 6, 7 Quite obviously, the clinical utility of a simple assessment of plaque burden has limitations. First, only changes that occur relatively late during the disease process can be imaged, and thus the window of opportunity for preventive treatments is likely limited. Secondly, B-mode ultrasound has a limited ability to assess the biological characteristics of plaques that are known to influence the susceptibility to cardiovascular events. The first of these limitations has been addressed by measuring morphological changes in the vascular intima that occur during the relatively early stages of the pathogenesis of atherosclerosis. Changes in intimal thickness are most commonly measured as the carotid intimal-medial thickness (CIMT), as on B-mode ultrasound images only the luminal-intimal interface and the medial-adventitial interface can reliably be identified. Several large observational studies have shown that CIMT is associated with established risk factors for coronary heart disease and that it is an independent predictor of cardiovascular events. [8] [9] [10] [11] [12] However, so far, there have been no studies published to show that measurements of CIMT provide incremental prognostic value over the assessment of traditional risk factors in individual patients. In the aforementioned observational studies, the differences in CIMT between risk strata are in the order of 200 mm, which is even below the theoretical, calculated axial resolution of typical ultrasound equipments used for measurement of CIMT. Thus, with the current techniques, measurement of CIMT is most useful when studying large groups of individuals, but it is unlikely that it will be incorporated into risk-assessment algorithms. Smaller studies have established that treatment effects of statins, niacin, beta-blockers, and calcium channel-blocking agents can be assessed by measuring CIMT, [13] [14] [15] [16] [17] [18] but it has never been shown that these treatment effects translate into reductions in hard clinical endpoints, and thus CIMT has not been validated as a surrogate marker for use in cardiovascular intervention studies.
Intravascular ultrasound (IVUS) of the coronary tree has provided important new diagnostic information and insight into the pathogenesis of coronary artery disease. Other than angiography, greyscale IVUS allows for the assessment of plaque burden, thus taking into account not only plaques encroaching on the vascular lumen, but also plaques with eccentric remodelling. Atheroma burden measured with IVUS correlates closely with histology. 19, 20 In addition, characteristics of vulnerable plaques have been described to include eccentricity of the lesion, and echolucency in areas of positive remodelling. 21 However, greyscale IVUS is limited for the exact analysis of plaque composition, with overlap in image characteristics between calcified and densely fibrotic tissue (strong signal reflection) on the one hand, and lipid-rich or fibrotic tissue and intraplaque haemorrhage (low signal reflection) on the other hand. Accordingly, non-vulnerable plaques in patients with stable angina have been found to share the aforementioned characteristics described in unstable lesions. 22 The necessity for more precise evaluation of plaque composition has resulted in the development of methods that use the raw backscattered radiofrequency IVUS signal that is not subjected to the same limitations as greyscale data in terms of dynamic range, compression, and logarithmic transformation. Either the average power of the integrated backscatter 23 or spectral analysis of the frequency and power of backscatter (virtual histology) have been used to this end ( Figure 1) . 24, 25 For these techniques, mathematical algorithms for the classification of plaque components have been developed based on data aquired postmortem from human coronary arteries. Initial studies have subsequently shown good correlation to histology in ex vivo samples, 23, 25 and also in vivo when compared with histology of atherectomy samples. 26 However, recent data from animal studies have questioned the accuracy of this technique for assessing plaque composition. 27 
Arterial wall biomechanics
Fibrosis, calcification, and smooth muscle cell proliferation cause changes in the thickness and biomechanical properties of arterial walls, which translate into increases in Young's elastic modulus and other parameters of deformability or stiffness. 28 Changes in the elastic properties will also influence wave propagation in vessels, and the aortic wave front propagation velocity measured with either transoesophageal or transthoracic echocardiography has been used to determine aortic elastance. This parameter correlated with aortic atheroma burden and was independently predictive of cardiovascular events. 29 With IVUS, the elastic properties of coronary artery walls have been assessed with elastography. This technique relies on cross-correlation analysis of radiofrequency signals to derive strain maps of the artery wall. 30, 31 Palpography is an identical technique that is used for interrogating only the luminal surface (to a depth of about 450 mm), and provides information on the surface of plaques, where rupture may occur. 32, 33 Strain values for potentially vulnerable plaques that contain necrotic cores, more inflammatory cells and less smooth muscle cells than stable lesions have consistently been shown to have higher strain values, 31, 32 and strain values have also been correlated to C-reactive protein levels. 32 Recently, non-invasive elastography has also been used for the assessment of biomechanical properties of the carotid artery in small pilot studies. 34, 35 
Plaque neovascularization
Atherosclerotic plaques rely on the formation of neovessels arising from adventitial vessels or from the lumen for growth beyond a volume at which nutritients supply from the arterial lumen or existing adventitial vessels is not sufficient anymore. It has been noted that the extent of neovascularization correlates not only with plaque volume, but also with features of instability like inflammatory state and morphological plaque rupture. 36 Simple colour Doppler techniques have neither the sensitivity nor the spatial resolution to detect plaque neovascularization. Contrast-enhanced ultrasound has been used for the detection of plaque neovessels in the carotid arteries, 37, 38 and a semi-quantitative assessment of plaque neovascularization correlated to neovessels as visualized by CD31 staining on pathology specimens ( Figure 2) . 38 Fundamental frequency IVUS imaging is not sensitive enough for detecting contrast agents in vasa vasorum in coronary arteries. However, recently harmonic imaging IVUS instrumentation has been developed and shown to be capable of detecting ultrasound contrast agent in the vasa vasorum of the atherosclerotic rabbit aorta. 39 
Ultrasound molecular imaging of atherosclerosis
Ultrasound molecular imaging uses microbubbles, other microparticles like echogenic liposomes, or acoustically active nanoparticles as tracers. These particles are targeted to specific molecular structures present on the cell surface in the tissue of interest. Targeting strategies for microbubbles exploit either the shell characteristics of microparticles for attachment to activated leukocytes within inflamed vessels 40 or specific targeting by virtue of ligands that are conjugated to their surface. 41 Targeting strategies for smaller micro-or nanoparticles rely on surface attachment of appropriate ligands. Antibodies, polysaccharides, and short peptide sequences have been used as targeting ligands. The concept of ultrasound molecular imaging is that, after intravenous injection, these microparticles bind to disease-specific epitopes and can then be imaged noninvasively in real time. When insonicated, microbubbles and, to a lesser extent, other accoustically active microparticles, emit soundwaves that can be detected by ultrasound systems. While there has been concern on signal damping caused by attachment to endothelial cells, in vitro studies have shown that antibody-mediated attachment to endothelial cells leads only to minimal dampening of their signal, but appears to diminish the rate of gas loss of these microbubbles. 42 In the last few years, several studies have shown that with these tracers, ultrasound imaging of molecular targets that are relevant to the development of atherosclerosis is feasible.
Molecular targets for ultrasound molecular imaging of atherosclerosis
Microbubbles do not leave the intravascular space, 43 and thus potential targets must by necessity be present on the endothelial cell surface. In contrast, acoustically active microparticles or nanoemulsions can potentially leave the intravascular space and may allow acoustic targeting of extravascular structures. 44, 45 Inflammation plays an important role in the initiation and progression of cardiovascular disease and has been identified as a potential diagnostic target. Monocyte and lympohocyte recruitment to the vessel wall is one of the most important contributors to atherogenesis. These cells serve as a source for reactive oxygen species, pro-thrombotic compounds, pro-angiogenic growth factors and cytokines, vasoactive peptides, and a multitude of bioactive products that promote smooth muscle cell migration and further inflammatory cell recruitment. Monocyte and lymphocyte entry into the vessel wall is tightly regulated and mediated, in part, by the interaction between endothelial cell adhesion molecules expressed in inflamed regions and their counterligands on the leukocyte surface. P-selectin is a molecule that is responsible for initial capture and rapid rolling of monocytes and neutrophils on the microvascular endothelial surface by interacting with its glycosylated and fucosylated ligand PSGL-1. 46 Cytokine-mediated P-selectin expression can be detected on circulating platelets and is associated with subclinical atherosclerotic disease in patients. 47 Also, in mouse models of atherosclerosis, P-selectin-dependent monocyte rolling has been demonstrated on early atherosclerotic lesions. 48 Vascular cell adhesion molecule 1 (VCAM-1), a cell adhesion molecule from the immunoglobuline gene superfamily promotes slow rolling and eventual firm attachment and diapedesis of neutrophils, monocytes, and lymphocytes by interacting with the heterodimeric integrin VLA-4 (a4b1). 46 In murine models of atherosclerotic disease, slow rolling of monocytes on the surface of atherosclerotic plaques appears to be largely mediated by VCAM-1. 49 Intercellular cell adhesion molecule 1 (ICAM-1) is a second cell adhesion molecule from the immunoglobulin gene superfamily that has been implicated in monocyte recruitment in atherosclerosis. 50 With regards to the use of these cell adhesion molecules as early markers of disease, VCAM-1 has been demonstrated to be upregulated on the endothelium of Apo E2/2 and LDL receptor (LDLR)2/2 mice before the development of early atherosclerotic lesions, 51, 52 and homozygous VCAM-1 domain 4-deficient mice on a LDLR2/2 background show a slower progression of atherosclerosis. 53 Given the aforementioned role of VCAM-1 and P-selectin in the early pathogenesis of atherosclerosis, these markers are thought to be of potential value in the early assessment of the risk for the development of clinical atherosclerotic disease.
Other potential targets for the molecular assessment of atherosclerosis and/or atherosclerotic plaques include tissue factor (TF) and several molecular markers of angiogenesis. TF is not expressed on normal endothelial cells. However, upon stimulation with cytokines, biogenic amines such as serotonin or histamine, or by mediators such as oxidized LDL or vascular endothelial growth factor, expression of TF can be induced on endothelial cells. 54 TF has been related to thrombotic complications after the disruption or erosion of atherosclerotic plaques. 55 In addition, TF is involved in migratory and proliferative signalling to vascular smooth muscle cells and could potentially contribute to plaque progression and destabilization. Thus, there has been an interest in imaging the expression of TF in plaques for characterizing the plaque biology and risk for complications. Likewise, there is interest in imaging molecular markers of angiogenesis to detect pathological neovascularization associated with plaque progression and instability. Molecules expressed on the vascular endothelium that could potentially be targeted for assessing plaque neovascularization include a v integrins, a 5 integrins, and VEGF receptors. Ultrasound probes for these targets [56] [57] [58] have been developed and employed to detect tumour-or ischaemiamediated angiogenesis.
Targeted microbubble attachment in high shear flow vessels
The extent of retention of targeted microbubbles on a molecular marker is determined by ligand density on the tracer surface, by on-and off-rates of the ligands that are being used, the wall shear stress within the vasculature of interest, and potentially, by partitioning of the tracer in the bloodstream. For antibody-targeted microbubbles, the typical ligand density is .50 000 antibodies per microbubble or a surface density of several 1000 antibodies per square micrometre. Ultrasound molecular imaging has been performed in a number of tissues (myocardium, skeletal muscle, kidney) relying on the selective retention of targeted microbubbles in the microvasculature, where wall shear stresses are low. 41, 57, 59 Wall shear stress in the commonly used murine models of atherosclerosis is much higher, with peak systolic shear stress reaching up to 80-90 dynes/cm 2 , 60,61 in the mouse aorta. Antibody-based microbubble targeting is the most common and most versatile technique for ultrasound molecular imaging. Given the low bond formation rate (low on-rate) of antibodies, there has been concern that this could potentially preclude bond formation in vessels with rapid transit rates and high shear stress. Indeed, flow chamber studies performed with variable shear stresses under continuous flow conditions have shown that the retention fraction of targeted microbubbles decreases dramatically at shear rates well below the peak shear rates described in the mouse aorta. 62, 63 However, arterial flow is pulsatile, and decreases to near zero during diastole in the murine aorta. Accordingly, flow chamber experiments with simulations of pulsatile flow have demonstrated microbubble attachment with only brief interruptions in high shear rate flow. 63 Subsequent resumption of high shear rate flow does not detach these microbubbles, indicating excellent bond strength of attached antibodytargeted microbubbles. Thus, microbubble attachment does occur in high shear rate conditions provided that the flow is pulsatile. It is important to realize that wall shear rates are at least on the order of a magnitude lower in large arteries in humans, and therefore, with regards to potential clinical applications, attachment efficiency should be equivalent or better in humans when compared with small animal models of disease.
Feasibility of ultrasound molecular imaging in atherosclerosis
Microbubbles with a lipid or albumin shell have been shown to bind to activated monocytes and neutrophils via mechanisms that are mediated by complement C3 and/or attachment to Mac-1, and complement-mediated attachment to endothelial cells is possible for lipid-shelled microbubbles with a sufficiently negative surface charge. 64 Attachment of perfluorocarbon-exposed sonicated dextrose albumin (PESDA) microbubbles to dysfunctional endothelium has also been shown to occur in a pig model of stretch-induced injury in the carotid arteries during hypertriglceridaemia. 65 Subsequent experiments have shown that attachment of PESDA microbubbles to dysfunctional vascular endothelium is drastically reduced after complement depletion, and that extensive attachment also occurs in early atherosclerosis in the rat aorta (Figure 3 ).
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Figure 3 Ultrasound images at low mechanical index and scanning electron microscopy (SEM) of the aortic arch in an atherosclerotic rat (A, B) and a control rat (C, D) after intravenous injection of PESDA microbubbles. These images illustrate signal from attached PESDA microbubbles in the atherosclerotic rat (A) and microbubble retention viewed by SEM (B; white arrows). In the control rat, no signal was detected on ultrasound (C), and SEM confirmed the absence of attached microbubbles. Reproduced from Anderson et al. 66 with permission.
Specific binding of antibody-targeted microbubbles to endothelial cells has first been demonstrated for ICAM-1-targeted microbubbles using in vitro experimental approaches ( Figure 4) . 67 Early in vivo studies involved the intra-arterial injection of echogenic liposomes targeted to ICAM-1 in Yucatan miniswines, fed a hypercholesterolaemic diet after the induction of atherosclerotic plaques by endothelial denudement. Attachment of liposomes to plaques was then visualized using intravascular and transvascular ultrasound approaches. Later studies demonstrated selective attachment and imaging of the cell adhesion molecules ICAM-1 and VCAM-1 and also of TF after intra-arterial injections of targeted echogenic liposomes. 44 Thus, in these studies several key mediators of atherosclerosis initiation and progression could be imaged, albeit with the drawback that very high intra-arterial doses of liposomes and invasive imaging methods were used.
Targeting of VCAM-1 in the aorta of atherosclerotic Apo E lipoprotein-deficient (Apo E2/2) mice has also been recently accomplished with intravenously injected microbubbles. 63 ApoE 2/2 mice develop atherosclerotic plaques in lesion-prone regions in the aortic arch, the degree of which can be modified by feeding the animals a normal chow or high cholesterol diet. Fluorescent microscopy showed selective attachment of VCAM-1-targeted microbubbles in these models, and the extent of attachment correlated to the severity of plaque development. Similarly, non-invasive ultrasound imaging of the aortic arch showed a stepwise increase in VCAM-1-targeted microbubble signal according to disease phenotype. Thus, in these studies, disease severity could be non-invasively imaged by assessing the expression of VCAM-1 ( Figure 5 ).
Future directions in ultrasound molecular imaging of atherosclerosis
While the aforementioned studies demonstrate the feasibility of ultrasound molecular imaging in the evaluation of atherosclerosis, no clinical studies using this technique have been performed thus far. For the initiation of clinical trials, several developments need to be made both for the contrast agents that are being used, as well as in the imaging technology for tracer detection. Most experimental studies have used simple biotion-streptavidin-biotin chemistry for ligand conjugation to the tracer surface. Streptavidin could potentially lead to binding of biotin in the body, which is needed for fatty acid synthesis and gluconeogenesis, and could thus have untoward effects. Alternative conjugation strategies that are expected to be safe for human use include amine or sulfhydryl covalent bonds. Likewise, there is concern about the use of antibodies in humans both in terms of safety and costs, and there is a need for the development of small-molecule, highly specific and inexpensive ligands which will most certainly include peptide molecules. For molecular imaging of atherosclerosis, attachment of the tracer to a relatively small area like the endothelial surface of a carotid artery, as opposed to the microvasculature in a tissue, is required, and only a limited amount of tracer particles will be available for detection. Thus, strategies for tracer detection above Figure 4 Fluorescence microscopy of endothelial cells after incubation with microbubbles bearing either a non-binding control antibody, or an antibody to ICAM-1. These images show absence of attachment of control microbubbles to non-activated (A) and IL-1b-activated endothelial cells (B). Attachment of microbubbles targeted to ICAM-1 was low in non-activated endothelial cells (C). After IL-1b activation, numerous targeted microbubbles were found attaching to endothelial cells (D). Scale bar ¼ 10 mm. Of note, the microbubbles have lost their gas and spherical shape owing to preparation for microscopy. Reproduced from Villanueva et al. 67 with permission.
background noise in arteries with strong specular reflection need to be optimized. In addition, algorithms for online detection of attached microbubbles only are desirable. It should also be emphasized that once the aforementioned technological advances have been accomplished, initial clinical trials will most certainly include imaging of readily accessible vessels like the carotid arteries, and inflammatory or other molecular changes that are detected will serve as surrogate markers for cardiovascular risk. However, there is a keen interest in molecular imaging of the coronary arteries, especially for the detection of vulnerable plaques, that will make further refinement of ultrasound imaging equipment and tracer design necessary.
Conclusions
Enormous progress has been made in the last years in uncovering the molecular mechanisms that lead to initiation and progression of atherosclerosis. Undoubtedly, this research will eventually translate into new therapeutic approaches. This creates a need for the non-invasive assessment of atherosclerosis on a subcellular level for earlier recognition of disease or for better evaluation of risk and disease progression in established disease, as well as for the assessment of the effect of existing and new, costly therapies. Atherosclerosis and risk factors for the development of atherosclerosis are highly prevalent, and therefore such non-invasive imaging techniques need to offer high throughput, widely available and inexpensive screening capabilities. The ultrasound imaging techniques described in this review are well positioned for eventually satisfying these requirements.
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